Abstract. The study examines the observed storm-generated sea-level oscillations (June 2007 and November 2009) along with the Sumatra geophysical tsunami (September 2007), indicating similarities in the sea-level response in the Mandovi estuary of Goa in the eastern Arabian Sea. Sea-level and surface meteorological measurements collected during storms exhibit strong synoptic disturbances leading to the coherent oscillations in the estuary with significant energy bands centred at periods of 24, 45, and 80 min. In particular, during the sporadic atmospheric event of June 2007, the atmospheric pressure dipped by ∼12 mb, the wind direction stabilized to ∼249 • with peak wind speed up to 16 m s −1 and the positive sea-level surge swelled up by ∼40 cm. Also, the water temperature cooled down by ∼4.5 • C. Approximately 3 days prior to the 12 September 2007 Sumatra earthquake, the water temperature at Verem station started exhibiting a distinctly stronger semidiurnal oscillation (with a relatively larger variance of ∼17.9 • C 2 in contrast to a lesser variance of ∼12 • C 2 during the preceding normal days) and these well-defined oscillations continued to manifest for a week after the earthquake. The pre-earthquake enhanced seawater temperature oscillations observed at this tropical estuary provides an indication that routine monitoring of seawater temperature from tropical estuaries with fine temporal resolution may provide early information about impending coastal earthquakes.
Introduction
The open ocean long waves generated in response to major forcing such as undersea seismic activity, atmospheric disturbances and so forth, and approaching the coast occasionally, generate large amplitude seiches in certain regions. Although these waves may have different sources and, therefore, different characteristics, the local topography may modify them in similar ways, thereby producing similar oscillations and sometimes even destructive consequences. The meteotsunamis are mainly associated with atmospheric gravity waves, pressure jumps, frontal passages, squalls and other types of atmospheric disturbances, which normally generate barotropic ocean waves in the open ocean and amplify them near the coast through specific resonance mechanisms (Proudman, Greenspan, shelf, harbour) . Therefore, the observed sea-level oscillations near the coast are a combined effect of one or more external forcing and topographic influence. The periods of such sea-level oscillations may range from minutes to hours. The synoptic atmospheric perturbations, such as atmospheric pressure or wind patterns, generally have characteristic spatial scales of a few hundred kilometres and may have time periods larger than a few hours. The spatial and temporal scales normally associated with the large-scale synoptic perturbations (500 km, >1 day) and the observed high-frequency sea-level variability (50 km, minutes) are normally not well matched. Therefore, synoptic atmospheric systems are not likely to excite directly highfrequency sea-level oscillations even if realistically they can be considered to be quite broadband (both in frequency and wave number), as they usually do not contain much energy at the scales and periods required for the excitation of seiches (Candela et al., 1999) . However, synoptic atmospheric systems are known to develop instabilities that radiate energy in the form of high frequency gravity waves (Fujita, 1955; Monserrat and Thorpe, 1992) . Excitation of shortperiod (minutes) sea-level oscillations near a coast by the passage of atmospheric pressure gravity waves has been observed in other places such as Nagasaki Bay in Japan, where the phenomenon is known as "Abiki" (Hibiya and Kajiura
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1982). Similar short-period (minute) oscillations of meteorological origin are observed to occur at times at some bays and estuaries and have local names such as "Rissaga" in Belearic Island, "Marubbio" in Sicily, "Milghuba" in Malta and "Seebär" in Baltic Sea. However, several authors suggested the term "meteotsunami" or "meteorological tsunami" to describe these oscillations, signifying their similarity to tsunami waves (see Rabinovich and Monserrat (1996) and Monserrat et al. (2006) for a comprehensive account on observations and nomenclature of such phenomena).
The objective of the present study is to investigate the mechanism and characteristics of the oscillation of the water body in the Mandovi estuary in the central west coast of India, due to two different sources: (1) the passage of cyclones Yemnin (June 2007) and Phyan (November 2009) and (2) geophysical tsunami (September 2007) . The characteristics of these oscillations are investigated by analysing the sea-level data from a subsurface pressure-based sea-level gauge deployed at Verem in the Mandovi estuary along with surface meteorological measurements from the region. Section 2 introduces the data and equipments used, Sect. 3 presents our findings and discussion and Sect. 4 provides conclusions.
Data and methods
In the present study, time-series data from two locations are used: Verem (Goa) and Kavarratti Island (Lakshdweep Archipelago) as shown in Fig. 1a . These stations are part of an Integrated Coastal Observation Network (ICON) for real/near-real time monitoring of sea-level, sea-state and surface-meteorological data from Indian coasts and Islands (Prabhudesai et al., 2006 (Prabhudesai et al., , 2010 Joseph 2011) . At Dona Paula, Goa, the automatic weather station (AWS) is installed on the terrace of the National Institute of Oceanography (NIO) at a height of ∼48 m a.s.l., and at Kavaratti the AWS is installed on top of the sea-level station building at a height of ∼10 m a.s.l. (sensor evaluation described by Mehra et al., 2005) . Sea levels were measured (see Fig. 1 and Table 1 ) using real/near-real time reporting subsurface pressure-based sea-level gauges deployed at Verem and Kavaratti. The pressure transducer (Honeywell Inc.) incorporating silicon piezoresistive technology used in the pressure tide gauge has been evaluated by Vijaykumar et al. (2005) and Mehra et al. (2008) for oceanographic and limnological measurements. The horizontal distance between the sea-level gauge and the weather station locations at Goa is ∼5 km. The observed parameters (Table 1) -Event 3 (E3): 9-12 November 2009; passage of cyclonic storm Phyan.
The relevant surface meteorological parameters (wind and air pressure) are sampled every 10 s and averaged over 10 min duration to generate the data series at 10-min interval. The sea-level data measured using sub-surface pressure gauge are sampled at 2 Hz frequency for 5-min duration (600 samples), averaged and then recorded in the datalogger at 5-min interval. The sea-level data is corrected for the atmospheric pressure variations and then detided using the TASK-tidal analysis and prediction program (Bell et al., 2000) to obtain sea level residuals (SLR). The atmospheric pressure data measured at 10 min interval were interpolated Subsurface pressure gauge AWS −1.0 10 * For the pressure gauge and AWS, the depth and height are given relative to chart datum and mean sea level, respectively.
for 5 min interval only for barometric correction of sea level measurements. The spectra of SLR and the atmospheric pressure during the event as well as that of the background signal are obtained by applying the method suggested by Rabinovich (1997) . . Manifestation of the September-2007 Sumatra tsunami in the Indian Ocean has been reported also by Pattiaratchi and Wijeratne (2009) . Another tropical cyclonic storm (E3) "Phyan", which developed in the south-eastern Arabian Sea and swept northward along the eastern Arabian Sea during 9-12 November 2009 until its landfall at the northwest coast of India, is also examined to study the response of the coastal waters at Verem, Goa (Fig. 1 ).
Results and discussion

Responses of sea level to cyclones "Yemnin" and "Phyan" and the Sumatra Tsunami (2007)
The responses of sea level to cyclones "Yemnin" and "Phyan" were manifested as storm surges at the study sites as indicated in Fig. 2 and Table 2 . An approximate 40-day sample of winds, atmospheric pressure, water temperature and sea-level residual are shown in Fig. 2 from Verem (during E1 and E3) and Kavaratti (during E1). The large scale extent of E1 is evident in wind and atmospheric pressure measurements at Verem, and Kavaratti Island; the latter being ∼550 km away down south of the former (Fig. 1) . Almost similar meteorological conditions exist at Verem and Kavaratti ( Fig. 2 and (Table 2) . Detailed study in respect of the response of the coastal regions of eastern Arabian Sea (AS) and Kavaratti Island lagoon in the AS to the tropical cyclonic storm "Phyan" during 9-12 November 2009 until its landfall at the northwest coast of India is reported by Joseph et al. (2011) .
Response of the sea (sea level and water temperature) at Verem station to the September 2007 Sumatra tsunami (E2) is shown in Fig. 3 . Unlike a positive surge observed in the case of the episodic meteorological conditions, the September 2007 Sumatra tsunami at Verem (Prabhudesai et al., 2008) caused oscillations of up to approximately ±15 cm in sea-level residuals (Fig. 3a) . The response of the sea at Verem station to the tsunami waves is also clearly manifested in the water temperature, which shows oscillations during E2 (Julian days 250-258) with a relatively larger variance of ∼17.9 • C 2 in contrast to a lesser variance of ∼12 • C 2 during normal days just before the event (Julian days 246-248). Some aspects related to the observed pre-and postearthquake seawater temperature anomaly are examined in Sect. 3.5.
Non-resonant character of Kavaratti Island lagoon
Kavaratti Island's lagoon is an open sea station. Based on high-pass filtered (time period < 2 h) sea-level residuals (SLR) obtained using a 5th order Butterworth filter, the amplitude of high-frequency oscillations observed at Kavaratti lagoon in response to the cyclonic storm "Yemnin" was approximately ±10 cm during E1 (Fig. 4a ). The event spectrum during E1 at Kavaratti and the respective background spectrum for sea level residual (SLR) and atmospheric pressure are indicated in Fig. 4b and c, respectively. The spectrum of data series was obtained using the "pwelch" function from Matlab with the following parameters: sampling frequency: 0.2 (0.1) cpm for SLR (atmospheric pressure); Hamming window of 256 data points with 50 % overlap; length of the FFT with the integer nfft = 256. The background spectrum of SLR for Kavaratti station is over the duration 1 September-9 October 2007. The background spectrum of atmospheric pressure in respect of this station is over the duration 29 June-28 July 2007. The background spectra provide a good estimate of the topographic response for every site where the natural oscillations are not subdued by the energetic characteristics of the forcing. It is clearly seen from Fig. 4b that at Kavaratti lagoon both background and event spectra are "blue" (i.e., the energy at higher frequencies is going up). This could probably be associated with high-frequency infragravity (IG) waves generated by nonlinear interaction of wind waves and swell at this site (A. B. Rabinovich, Russian Academy of Sciences, private communication, 2011). There are no prominent spectral peaks and, hence, no natural oscillations. The oscillations seen in Fig. 4a appears to have a characteristic of stormgenerated broad-frequency signal. In any case, there was no visible seiches at this site (i.e., natural oscillations), which are indicated by prominent spectral peaks. The non-resonant character of Kavaratti Island lagoon was noticed also during cyclonic storm "Phyan", in which despite intense wind forcing, the surge at this lagoon was insignificantly weak due to the combined effect of the absence of resonant amplification and lack of river water discharge into the lagoon (Joseph et al., 2011) .
Harbour resonance
The swing of the high-pass filtered oscillations (5th order Butterworth filter as mentioned in Sect. 3.2) observed at Verem station is approximately ±15 cm during E1 (Fig. 5a ). Also during E3 the SLR oscillations remained ∼ ±10 cm at Verem (Fig. 5c) . However, there is strong similarity between the atmospherically generated "meteotsunami" and seismically generated geophysical tsunami ( Fig. 5a and b) . Kavaratti data is excluded in the present study (i.e., harbour resonance) because it is an open sea station, not having the resonance features of a harbour.
The event spectra estimated (see Sect. 3.2 for the method used) for Verem station during E1 (Yemnin), E2 (September 2007 Sumatra tsunami) and E3 (Phyan) and the respective background spectra for sea-level residual (SLR) and atmospheric pressure anomaly are as indicated in Figs. 6 and 7, respectively. The background spectrum of SLR in respect of Verem station is the average of spectra over 10-30 October, 10-30 November and 8-31 December of 2007. The background spectrum of atmospheric pressure with respect to this station is over the duration 1 January-31 March 2007.
The background spectra may differ if the response of the estuary is sensitive to the characteristic of forcing conditions, such as angle of incidence of the ocean waves, and may oscillate differently under varying conditions. However, the background spectra at Verem are event independent, although the "event" (atmospheric disturbance or geophysical tsunami) spectra are more energetic (Fig. 6a, b and c) . On the contrary, the spectra of different sites have significant differences at high frequencies as seen at Kavaratti (Fig. 4b) , indicating the influence of local topography. The Mandovi estuary, where the pressure gauge at Verem station is located, is wider ∼4 km at the mouth (also known as Aguada Bay) and the ∼4 km long stretch of the bay is marginally deeper than the rest of the estuarine channel, the average depth in the bay being about 5 m. Then the channel narrows considerably from the bay for another ∼6 km stretch (750 m wide and 5 m deep; Shetye et al., 2007) . Thus, in the case of partially enclosed basins such as gulfs, bays, fjords, inlets, ports and harbours, a specific type of seiche motion occurs known as harbour oscillation (coastal seiche), mainly generated by the long waves entering through the open boundary from the open sea. In a simple case of a narrow rectangular bay with uniform depth, the lowest mode known as Helmholts mode of oscillations normally dominate (Rabinovich, 2009) and is estimated as: Thus, a rough estimate of the fundamental (Helmholtz) mode could be obtained assuming the above dimensions of the Aguada bay. The fundamental period (T 0 ) of oscillation
) is ∼38 min, where L(m) is the length of the bay, H (m) is the mean water depth and g (m s −2 ) is acceleration due to gravity. The spectrum during E1 (Fig. 6a) shows major peaks at 80, 45.6, 40, 35.6 and 21.3 min. During E3, the major peaks are found at 41.3, 32.7 and 20.6 (Fig. 6c) . During the September 2007 Sumatra tsunami (E2) the major spectral peaks are at 91.7, 42.7, 35.5 and 21.6 min (Fig. 6b) . The fundamental time period estimated using Eq. (1) is valid for a simple, narrow and long rectangular basin with constant depth, while the Aguada bay (as shown in Fig. 1b) is much more complex. It is probable that the specific period of ∼41.3 min (average of 40.0, 41.3 and 42.7 min), as evident in Fig. 6 (a, b and c) is associated with the fundamental bay period (Helmholtz mode), which is in broad agreement with the theoretically estimated value of 38 min.
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Transfer function for atmospherically generated oscillations
The spectral ratio between the event (geophysical tsunami or atmospheric disturbance) and the respective background spectrum provides information on the external source (Fig. 8) . The method to separate out the tsunami source and the topographic effects, as explained by Rabinovich (1997) and also revised and applied to atmospherically generated seiches by Monserrat et al. (1998) , is briefly outlined below: Assuming the instrumental noise is negligible, the observed spectrum S OBS (ω) may be considered as the sum of the energy associated with the event S E (ω) (tsunami or atmospheric disturbance) and the energy of the background oscillation S B (ω) as:
If we assume that topographic response W (ω) remains unchanged for both the event and background spectra (this may not be true and should be confirmed posteriori) then:
where E E (ω) and E B (ω) represent the external forcing during the event and the background conditions, respectively. The spectral ratio between the event and the background signals is then:
Assuming that the initial sea level variations in the open sea are forced by the atmospheric pressure, we may express E E (ω) as:
where P o (ω) is the open ocean atmospheric pressure spectrum and T (ω) is the transfer function between the atmosphere and the ocean. The transfer function depends on the direction and the phase speed of the atmospheric waves, bathymetry of the generation region, etc. In most cases, the open ocean spectrum may not be available and if the atmospheric wave is coherent over a large area, then the coastal atmosphere pressure P C (ω) may be used in Eq. (6). Rearranging Eqs. (3), (4) and (5) we get:
The long-term bottom pressure measurements in the Pacific indicate that the background open-ocean spectrum E B (ω) is virtually universal (Kulikov et al., 1983) and can be defined as: Spectral ratio (i.e., ratio of spectra during the event to that of the respective background oscillations) of (a) SLR at Verem (Goa) during the events E1, E2 and E3, (b) SLR at Kavarrati during event E1, (c) atmospheric pressure anomaly at Verem (Goa) during the events E1, E2 and E3. (d) Observed (black) and the computed (red) spectra of SLR at Verem for event E1. The computed SLR spectrum is obtained using atmospheric pressure during E3 based on Eq. (9). The numbers associated with significant peaks are time period in minutes.
where C is a constant at a given depth, but increasing with the decreasing water depth and depending on the atmospheric activity. The background spectrum at Verem station is used to estimate the value of C (Eq. 8) ∼ 7 × 10 3 cm 2 cpm (straight line with a -2 slope as shown in Fig. 6b ), in comparison with the values C = 10 −3 -10 −4 cm 2 cpm found by Rabinovich (1997) for the open ocean.
The spectral ratio may be considered as an estimate of the energy of the external incoming waves during an event. The spectral ratio of SLR for the three events at Verem station during atmospheric disturbances (E1 and E3) and September 2007 Sumatra tsunami (E2) are shown in Fig. 8a . The spectral ratio of event to background for SLR at Verem during E1 (Yemnin, red line) is more energetic than during E3 (Phyan, green line) with similar peaks at time periods 22 and 13 min, respectively, and similar significant gains are also observed at
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Kavaratti (Fig. 8b) , which appear to have atmospheric disturbance as its forcing because the same is absent for the event E2 (tsunami, blue). However, the spectral ratio peaks around time period ∼42.7 min is present for all the three events at Verem, which also appears to be its Helmhotz period. Another prominent spectral ratio at Verem during E1 is at time period ∼80 min, which is absent for other events. The spectral ratio of event to background for atmospheric pressure is shown in Fig. 8c . During E3 at Verem (Phyan, green), the spectral ratio is high compared to the other two events up to time periods ∼116 min. If the spectral ratios are independent of measurement location (topography) and entirely related to the forcing, then the spectral ratios may not be similar at a given location for different events as observed during E1, E2 and E3 at Verem (Fig. 8a) . Also, the spectral ratio may not be similar for relatively far away locations during a particular event as observed at Verem and Kavaratti during E1 (Fig. 8a  and b) .
It is possible to use the transfer function between atmospheric pressure and sea level estimated for one event to predict sea-level oscillations for another event if there exists close similarities among these two events. For example, Monserrat et al. (1998) used this approach because of similarities in the atmospheric events (in particular, approximately the same propagation direction and phase speed), which generate strong seiches. In such cases, it could be expected that the transfer function would also be almost the same. In the present case, events E1 and E3 were significantly different: the respective cyclones "Yemnin" and "Phyan" had different directions, phase speed and other characteristics. Also, while the "eye" of Yemnin traversed over the land, that of Phyan traversed over the Arabian Sea. It is natural to assume that the transfer functions (atmosphere/ocean) for these two events would also have been probably different. However, the extent of the difference is not known. Thus, it would be interesting to compare the spectra (both sea-level and atmospheric pressure oscillations) pertaining to these two events and estimate the event/background ratio for each event.
Following Monserrat et al. (1998) in the use of the transfer function obtained for one event to reproduce the sea level spectra for the other events based on the coastal atmospheric pressure spectra, it can be inferred that:
where the superscripts Y and P denote the events at Verem during events E1 and E3, respectively, and
E B (ω) . Using Eq. (9), we computed the sea-level spectra during E1 using the atmospheric pressure spectra and the transfer function for E3. The agreement between the estimated (red) and observed (black) spectra (Fig. 8d) is quite promising up to periods < 45 min. The major spectral peaks at time period ∼45.7, 38.8, 27.2 and 13.1 min (even though lower energy) are well represented, because they are mainly due to the influence of local topography. Except for a narrow band near time period 80 min, the computed SLR spectra for event E1 is found to be in good agreement with the measured spectrum for this event.
The power spectra of the atmospheric pressure anomaly at Verem during different events are shown in Fig. 7 . The power spectrum of atmospheric pressure during E1 at Verem provides no enhancement in energies for frequencies higher than 0.0125 cpm (period < 80 min) as seen in Fig. 7a . However, during E3 at Verem, few spectral peaks are observed at time periods 142.8 and 75.2 min (Fig. 7c) . The high-pass filtered air pressure (cutoff period < 120 min) does not exceed 0.4 mb. However, during "E1", high frequency sea-level oscillations with peak amplitude ∼18 cm (Fig. 5a) is observed, when the lowest pressure monitored by IMD was on Julian days 173.5 and 174 (22 and 23 June) 2007 and the cyclone track was closest to the measurement site on 23 June 2007 (Fig. 1a) . The estimated gain (ratio of sea level and atmospheric pressure) is ∼45 cm mb −1 , which is very high and, therefore, the atmospheric pressure alone may not be the cause for these oscillations. Even during the extreme events, the observed dynamical multiplication of the static barometer ("inverted barometer = 1 cm mb −1 ") response is usually less than 5.0 (Hibiya and Kajiura, 1982; Vilibic et al., 2004) due to the controlling effects of friction, diffusivity and Coriolis forces. However, in some specific conditions of coastal topography (e.g., funnel shaped basins), bays with large amplification factor, energy content and direction of disturbance may produce high waves of several metres; ∼6 m in the Adriatic Sea (Orlić, 1980) and ∼4 m at Balearic Island and Nagasaki bay (Hibiya and Kajiura, 1982; Rabinovich and Monserrat, 1998) .
Such anomalous gain may be due to harbour resonance. The most common factors that initiate such oscillations are atmospheric processes and nonlinear interaction of wind waves and swell. It involves first the generation of long waves in the open ocean and these waves then amplify over the shelf and near the coast. Due to the "harbour resonance", the arriving waves additionally amplify inside the corresponding bay, thereby generating intense seiches, and sometimes even destructive meteorological tsunamis. During resonance, the atmospheric disturbance propagating over the ocean surface is able to generate significant long-ocean waves by continuously pumping energy into these waves with different possibilities (refer Rabinovich et al., 2009 and related references therein) such as:
-"Proudman resonance" (Proudman, 1929) , when U = c, i.e., the atmospheric disturbance speed (U ) is equal to the speed of long-ocean waves (c = √ gh).
-"Greenspan resonance", (Greenspan, 1956) , when U l = c j , i.e., the alongshore component of the atmospheric disturbance velocity (U l ) equals the phase speed speed c j of the j -th mode of edge waves.
-"Shelf resonance", when the atmospheric disturbances and the associated atmospherically generated ocean waves have periods and/or wavelengths equal to the resonant period and or wavelength of the shelf region.
In the case of E1 during Yemnin, the "eye" of the disturbance in the near vicinity of the study region moved over land at a speed of ∼38 km h −1 and oriented ∼290 • (www.imd. gov.in) with respect to north. We suspect that the observed oscillations during E1 could be related to the forced resonant oscillation triggered in front of the estuary, by air pressure variations and wind stress, which then propagated inward into the estuary. Also, as reported in a study by Candela et al. (1999) , sea-level measurements in the open sea and inside the port indicated high coherence for the bands between 25 and 40 cpd (i.e., 36-57.6 min). In contrast, at periods shorter than 35 min the coherence between the two records dropped significantly, indicating that these oscillations are due to local topography. In contrast to the ±18 cm SLR oscillations observed at Verem during E1, those at Verem during E3 and Kavaratti Island lagoon during E1 are within ∼10 cm. This difference could be reasoned as (Rabinovich and Monserrat, 1996) : "Just as not every large underwater earthquake excites a tsunami, so even strong typhoons or atmospheric pressure jumps do not always generate destructive long waves. Both geophysical tsunamis and meteorological tsunamis are relatively infrequent events. Some specific resonance conditions are apparently necessary to generate noticeable meteorological tsunamis".
Observed pre-and post-earthquake enhanced seawater temperature oscillations at Verem
An interesting observation pertaining to the event E2 at Verem station near the mouth of the Mandovi estuary is that approximately 3 days prior to the 12 September 2007 Sumatra earthquake, the water temperature at this station started exhibiting a distinctly stronger semidiurnal oscillation and these well-defined oscillations continued to be manifested for a week after the earthquake. Whereas the water temperature swing during the preceding normal days was weak (∼1.5 • C), a much larger temperature swing (∼3.5 • C) is clearly seen in the period beginning ∼3 days prior to the 12 September 2007 Sumatra earthquake (Fig. 3c) . We also notice a relatively larger variance (∼17.9 • C 2 ) during the period of enhanced temperature swing in contrast to a lesser variance (∼12 • C 2 ) during the preceding normal days of lesser temperature swing. Based on available information, we attempt to provide an explanation for the pre-earthquake water temperature oscillations observed at the Verem station. Earthquakes (i.e., ruptures within the earth caused by stress) are associated with the release of strained energy that has been building over many years. It is an accepted fact that a few days before a major earthquake occurs, when the plates begin to crack, a variety of signals (known as earthquake precursors) representing land, ocean, atmosphere and ionospheric anomalies begin to emanate from the preparation zone of the earthquake (see Joseph, 2011) . The occurrence of a strong submarine earthquake entails intense ocean-floor oscillations in a rather large area during a prolonged period of time. Based on field measurements obtained from the JAMSTEC deepsea (∼7500 m depth) underwater observatory (Hirata et al., 2002) during the 2003 Tokachi-Oki tsunamigenic earthquake as well as a 3-D numerical model developed in the framework of linear potential theory of ideal "compressible" fluid, Nosov and Kolesov (2007) reported clear indications of the generation of depth-dependent low-frequency elastic oscillations of the seawater column and a complicated fast oscillating wave structure on the water surface in response to the elastic oscillations of the water layer. Nosov and Kolesov (2007) found that the bottom trembling associated with the cracking provides a resonant pumping of energy to the elastic oscillations of water column, in which the bottom topography plays a leading role in the formation of the elastic oscillations spectrum.
In another mechanism, seafloor motions generate short acoustic waves in the water medium, in which intense pressure jump behind the acoustic wave-front results in the propagation of these waves from the seafloor toward the sea surface. The nonlinear effects accompanying the wave-front motion result in the transport of liquid particles from the seafloor to the sea surface -a process known as "acoustic wind" (Ostrovskii and Papilova, 1974) . The just-mentioned vertical oscillations of the seawater column extending from the seafloor up to the sea surface transports the cooled water at the ocean depths to the subsurface and surface layers of the ocean. Such seismically-induced water-mass transport in the upward direction (like in a different kind of upwelling process well known in physical oceanography) results in the appearance of water-temperature anomalies in the zones of submarine earthquakes. The cooled water mass can then get transported to distant locations by several oceanographic and meteorological forcing. The vertical transport of nutrient-rich water, induced by this upwelling process, has been found to give rise to a significant increase of chlorophyll concentrations in the upper layers of the sea surface "prior" to the earthquake events (Singh et al., 2006) , and its spatial and temporal variability occur due to the large-scale disturbances in the oceanic circulation patterns, arising from sudden changes of thermal structure (Chaturvedi and Narain, 2003) .
Sea-surface water temperature drop observed in the coastal and open sea water bodies prior to submarine earthquakes have been measured using orbiting satellite-borne remote sensors. In such cases, although measurements are obtained over a considerably large area, the temporal resolution is rather poor. Thus, a clear description of the evolution and the fine-scale temporal variability of the seasurface temperature are often not available. However, these measurements yield the average feature of the temperature variability. For example, during the 1996 earthquake event off Japan's coast, the ocean surface water temperature deviation over a zone of horizontal dimension of ∼500 km was minus 4-5 • C and the anomaly lifetime exceeded two days (Levin et al., 2006) . Such seismically induced sea-surface water temperature drops were recorded also in the Sea of Okhotsk and in the Black Sea (Nosov, 1998; Zaichenko et al., 2002) .
In the present study, time-series water temperature measurements (sampled at a frequency of 2 Hz and averaged over 5 min) were obtained from Verem station at the Mandovi estuary at 5 min interval from a depth of ∼1 m below chart datum level. It is seen from Fig. 3b that a distinctly clear water temperature oscillations at Verem started ∼3 days before the Sumatra earthquake (12 September 2007). The water temperature anomaly (over a 40-day period covering the event) is generally negative (Fig. 3d) , indicating an effective drop in temperature during this period. The power spectral density (PSD, Fig. 3e ) of water temperature oscillations during a fortnight covering the event (Julian days 252-268) indicate the highest PSD for the semidiurnal constituent (∼12 h) and considerably smaller PSD (∼50 %) for the diurnal constituent (∼24 h). The corresponding PSDs for the water temperature oscillations during approximately 10-days temporal segments preceding (Julian days 240-251) and succeeding (Julian days 269-278) the event segment (Julian days 252-268) were negligibly small. This indicates the selective enhancement of water temperature oscillations during the event segment. From Fig. 9 , it is evident that the water temperature oscillation during the event segment is clearly semidiurnal, with its negative swing occurring during flood tide and positive swing during ebb tide. The study region is the mouth of a tropical estuary. During the flood tide phase, the seismically cooled offshore sea-surface water is progressively transported into the estuary. This causes the observed enhanced negative swing of the water temperature oscillation during the flood tide phase in the event-segment. During ebb tide phase, the seismically unaffected (and, therefore, relatively warmer) water mass in the upper regions of the estuary is progressively discharged into the mouth of the estuary. This is responsible for the observed enhanced positive swing of the water temperature oscillation during the ebb tide phase in the event-segment. The observed insignificant swing of the water temperature oscillations preceding and succeeding the seismic event period arises from the absence of sea surface water cooling. This discussion hints that the observed enhanced negative and positive water temperature swings occurring during flood and ebb tide phases, respectively, could be a tropical estuarine phenomenon, which could be absent in open seas and coastal waters where only a lowering of water temperature would be manifested during pre-and postearthquake periods. The observed enhanced water temperature oscillations may be absent also at inherently cold estuaries. 
Conclusions
This study is an attempt to investigate the meteorologically and seismically induced water level and water temperature oscillations at a station (Verem) located near the mouth of a tropical estuary (Mandovi) on the west coast of India. In particular, we examine the response of sea level to the passage of the "eye" of the cyclonic storm "Yemnin" over land using empirical as well as theoretical approaches. The observed oscillations appear to be related to the large atmospheric disturbance and associated wind stress. These sea level oscillations are similar in frequency content as earlier reported by us in the case of the September 2007 Sumatra tsunami signals observed at this station . In particular, the water-level oscillations found at Verem during Yemnin appear to be the result of harbour resonance. Except for a narrow band near time period 80 min, the computed SLR spectra for event E1 was found to be in good agreement with the measured spectrum for this event. This suggests that the structure of sea-level spectra near the coast, although related to the local topography is also significantly affected by the external forcing. The disastrous geophysical tsunamis are normally generated by earthquakes, which are relatively infrequent. However, strong atmospheric disturbances of various types (passing fronts, squalls and trains of atmospheric waves) are common and needs attention in this region in future studies using higher sampling frequencies (1 min interval) and instrumentations deployed off the coast. A distinctly enhanced pre-and post-earthquake (12 September 2007 Sumatra earthquake) seawater temperature oscillations observed in the tropical estuary of the present study provides an indication that routine monitoring of fine temporal resolution seawater temperature measurements from tropical estuaries may provide early information about impending coastal earthquakes. This study also reveals the importance of incorporating time-series seawater temperature measurements with sea-level stations located at tropical estuarine sites. We propose that real-time reporting systems measuring this probable earthquake precursor could be implemented in future earthquake/tsunami early-warning systems.
